ABSTRACT Limitations of the pinhole method and astigmatic defocus detection have difficulties in determining the direction of defocus and a restricted linear correction range. Here, a distance-measuring approach based on the laser triangulation principle is proposed with a corresponding mathematical model to overcome these problems and to satisfy the requirements of an industrial thin-film transistor liquid-crystal display (TFT-LCD) inspection microscope system in active auto-focus applications. The approach combines infrared light at a wavelength of 808 nm with visible light. The light reflected from the surface of the object reaches a CCD camera and forms a spot via a set of optical devices. To control a PZT to achieve real-time auto-focusing, a Gaussian curve fitting method is used to process the spot information with the presented mathematical model giving the relationship between the detection value and the defocus value focus error signal (FES). The preliminary experiments with a 50× objective lens show that the measured values are consistent with the theoretical values, have good linearity and possess a focusing accuracy of 0.2 µm within ±30 µm of the focal plane. The analysis of the experimental results proves the feasibility of using this method in industrial applications. Compared with the traditional method of microscope focus correction, this method has the advantages of high accuracy, good linearity, and fast focus speed for the actual requirements of industrial inspection processes. This method has been applied to the circuit board component defect detection in our laboratory.
I. INTRODUCTION
Auto-focus technology is critical in automated vision inspection and industrial applications, such as the production of semiconductor components, TFT-LCD planes, IC chips, cell circuits, PCB inspection with the development of integrated circuits and computer technology [1] .
In general, there are two different mechanisms for autofocus implementation: passive control [2] , [3] , and active control [4] , [5] . The passive auto-focus method is based on optimization of image sharpness metric or the image modulation transfer function. The continuous image sharpness analysis is reliable and robust in producing a clear image, but it is also time-consuming because it requires heavy data processing [6] , [7] . To solve the problems of the passive auto-focus method, the active auto-focus method was designed [8] , [9] . In the active auto-focus method, focusing is implemented by direct or indirect distance inspection. The examples of direct distance inspection are the infrared
The associate editor coordinating the review of this manuscript and approving it for publication was Jun Wu. distance method and ultrasonic ranging method [10] . The active auto-focus method does not require significant data processing, which overcomes the disadvantage of the passive auto-focus method.
This paper is organized as follows: We describe other related work in section 2. Section 3 is a discussion of our proposed design for an auto-focus microscope system based on geometric optics. In section 4, data preprocessing and Gaussian curve fitting for an FV (focus value) curve are introduced. In section 5, the experimental results and analysis are illustrated. Finally, in section 6, we present the conclusion.
II. RELATED WORKS
Past relevant research includes auto-focus technology in microscope systems [9] - [12] , laser triangulation [13] - [16] and active auto-focus methods [4] , [5] , [8] , [9] . The pinhole method [17] , [18] and astigmatic defocus detection are the main active control auto-focus methods. However, these methods have difficulties in determining the direction of defocus and limitations in the range over which corrective adjustments are linear.
In the past research, an active astigmatic auto-focus approach has been proposed, which is applied in compact disk or the head of digital versatile disk systems [8] , [9] . Many different astigmatic optical algorithms have been proposed by researchers from different countries and applied to engineering of microscopes [19] - [21] . From the model of the astigmatic method [22] , we know that the focus error signal (FES) and its derivative with respect to the distance from the sample object to the focal plane of the objective lens is not a real linear relationship, which limits widespread application of the method in microscopy [23] .
For defocus detection, Ding et al. [24] presents a detection method of control points for the camera calibration that is robust to defocus. In calibration and measurement experiments, new marks are designed and control points are determined at intersects of the ridge curves. Experiments show that this method can obtain precise calibration and measurement results with images in a large defocus amount range. Hao et al. [10] used a laser, an adjacent prism focus and a four-quadrant photodetector to obtain the relationship curve between the FES and the defocus value. The experiment showed that the linear distance reached to ±4µm, and this method improves the ability of signal interference and has a higher stability. Lu et al. [22] and Hsu et al. [23] propose an astigmatic method to obtain the focus error and form a closedloop to control a PZT that can realize fast and accurate autofocusing in a laser direct writing system in certain scopes. This method solves the accuracy and speed limitations of [10] . In the astigmatic method, the relationship between defocus value and inspection value is not a linear relationship, but rather an approximate linear interval in certain scopes. For fast auto-focus, Wang et al. [25] proposes an optical defocus fitting model-based (ODFM) auto-focus scheme. Considering the basic optical defocus principle, the optical defocus fitting model is derived to approximate the potentialfocus position. By this accurate modeling, the proposed autofocus scheme can make the stepping motor approach the focal plane more accurately and rapidly. The proposed scheme can complete auto-focus within only 5 to 7 steps with good performance even under low-light condition.
In this paper, an elegant analytical formulation of the focus error signal is established based on geometric optics and may be used for designing different magnification objectives of the microscope. A new distance measuring method including a laser, CCD sensor and spectroscope in the microscope light path based on a laser triangulation principle is proposed in this paper. The purpose is to establish an auto-focus microscope system through different image focus positions (IFPs) [26] to determine the defocus direction and defocus value directly. Due to its fast focusing speed and good linearity, the design is applicable in FPD inspection, PCB inspection, bio-tech HCS and CMM machines, etc.
III. DESIGN OF THE AUTO-FOCUS MICROSCOPE SYSTEM
To realize automatic focusing, a photoelectric automatic focusing system based on laser triangulation is proposed [27] . As is shown in Figure. 1, the auto-focus optical system of the microscope is composed of visible and infrared laser optics, including a laser, an IR cutoff filter, a beam splitter, a quartz wave-plate, a focusing mirror, a band-pass filter and CCD camera. To prevent the laser beam from affecting the image sensor of the microscope, an additional infrared 808nm laser source is combined with the visible light of laser beam. The upper portion of the combined beam is truncated when it passes through the IR cutoff filter, and when the beam passes through the optical components, such as the beam splitter, quartz wave-plate and focusing mirror, the lower portion of the beam becomes collimated light. Then, the laser beam passes through the objective lens and strikes the surface of the sample. The light reflected by the surface of the sample then returns to the path again, passes through a set of optical components and finally projects onto the CCD detector to be converted into a digital signal.
The computer can process digital signals after the steps as described thus far. The shape of the half-spot on the CCD detector changes according to the distance between the microscope objective lens and the surface of sample object. If the object is located at the front focal plane of the objective lens, the image plane on the CCD camera should be in focus, and a light spot should be detected. The distribution of this spot pattern depends on the defocus displacement.
Without considering the wavelength difference between the visible light and the infrared beam, they will focus at the same plane. When the objective lens is out of focus, the CCD will detect an upward or downward semicircle reflected by the sample if the image plane is in front or behind of the CCD detector plane. The radius of the semicircle will become smaller as the image plane moves closer to the CCD plane. Finally, it becomes a small point when the image plane (reflected by the object) is matched with the CCD detector plane which means that the focus procedure is completed. The defocus displacement can be determined according to distributions of the spot pattern (the shape, space and direction of the semicircle), as is shown in Figure. 2. The shape of laser spot will be a point when the microscope is at the focal point, and the shape approaches an upward semicircle or downward semicircle when the microscope approaches the limits of the working range.
The defocus direction can be obtained by analyzing the upward or downward semicircle on the CCD camera, and the defocus value can be calculated by measuring the pixel size of the semicircle. Using an exact mathematical relationship established by the laser triangulation principle, the motion controller controls the PZT to move the image plane to the expected plane (the focal plane) and completes the autofocusing process rapidly.
The principle of a laser triangulation auto-focus system can simply be described as an optical system shown in Figure. 3. The laser beam is focused on the sample surface and reflected back, converging to a point on the CCD detector because of the focusing lens as is shown in the figure with a solid vertical line. When the object is defocused by δ, the CCD sensor detects a semicircular spot due to changes in the reflected laser beam.
The parameters shown in Figure. 3 are defined in Table 1 :
The relationship between FES and semi-circular radius r detected by the CCD sensor based on geometric optics is analyzed as follows.
For a thin convex lens, the relationship among the object distance u, the lens focal distance f and the image distance v is given as follows according to the Gaussian lens law:
For the objective lens, the relationship is as follows:
For the focus lens, the relationship by the Gaussian lens law is as follows:
The distance values of EO, E 1 O 1 and R can be obtained according to trigonometric theory as follows:
Substituting (1), (2), (3), (4) and (5) into (6), the result is the elegant formulation of the FES:
In (7), tanθ is a constant which equals D/(2 * f1), Pz is the pixel size, and f1 and f2 are the focal lengths of the objective lens and focusing lens, respectively. It can be concluded that there is a linear relationship between the FES and r from formulation (7) and that the line crosses through the coordinate origin. The linear slope (i.e., sensitivity) correlates with some optical parameters such as the focal lengths of objective lens and focus lens, the NA of the objective lens and the CCD pixel size, Pz, etc. The FES value can be estimated immediately from the radius r.
IV. FAST AUTO-FOCUS ALGORITHM FOR A MICROSCOPE SYSTEM
A. DATA PREPROCESSING The color image captured by the CCD sensor is composed of red, green and blue channels. To simplify the image processing, an RGB to GRAY color space transformation is taken before information processing. The transformation formula is shown as follows:
To analyze the image data exactly, the gray value can be expressed as I :
In (9), GRAY(j,i) is the gray level intensity of pixel (j, i). The value I m (the average gray value) and maximum value I max (the maximum gray value) that are used as parameters for the FV (Focus Value) can be determined from the columns of the image data (1 pixel to 640 pixels region).
To eliminate the effect of ghosting on the accurate positioning of the spot center, the smooth curve FV is defined as follows:
The weight factors for every parameter could be adjusted for TFT-LCD plane inspection. Figure.4 (a) shows the image when the object is defocused and Figure.4 (b) shows the FV curve from (10).
B. GAUSSIAN CURVE FITTING
In theory, the image should have enough features to produce a smooth FV curve. Assuming that the FV follows a Gaussian distribution, then the center of the Gaussian curve is fit to FV distribution. In this auto-focus system, Gaussian curve fitting is used to calculate the in-focus position to detect the defocus value and defocus direction. Due to fewer images required for auto-focusing compared with the traditional method, the Gaussian curve fitting method has the advantages of high accuracy, good linearity and fast focus speed.
The curve of the Gaussian function is as follows:
The expected value of function y(x) and δ should have minimum errors.
To obtain y(x), u and δ are calculated by a residual sum of squares method (RSSM). The partial equation of u and δ could be determined first to obtain a matrix Z 0 , composed of f u and f δ .
Letting the initial value of u equal the center of mass of the image in the horizontal direction and δ equal the search region, the matrix D (a stokes vector of error y) can be determined by the following equation.
The modified matrix A, is derived from (18) and (19) for new u and δ, namelyû andδ. A is the intermediate result for u and δ. These steps are repeated until A is small enough so that y(x) could be a fitting curve, and IFP u and δ can also be achieved. Figure.4 shows the result.
V. EXPERIMENTS AND ANALYSIS

A. HARDWARE DESIGN
In this experiment, the structure of the astigmatic auto-focus microscope system is shown in Figure. 5, which comprises a laser source, beam splitters, PZT motor, DC motor, computer and an image sensor (CCD).
The wavelength of the laser emitter is 808nm. To prevent the laser beam from affecting the image sensor of the microscope, the Edmund L53-710 filter film is added into the microscope system with transmission, T, of more than 85% for visible light and T of less than 10% for light in the 740-1200nm wavelength range. The focusing lens has f2 (150mm), the 50× objective lens has f1(4mm), the CCD camera's resolving power is 752µm * 480µm and the pixel size Pz is 6µm * 6µm. The sample object is a TFT-LCD plate with an integrated circuit inside and a surface thickness of 2.5mm. Figure. 6 is a set of pictures captured by the CCD detection screen of the spots in different defocus cases. The radius and direction of the semicircular spot will change when the distance between the object and objective lens changes. This result is consistent with the theoretical analysis. Figure. 7 shows the linear relationship between the focus error with the in-focus position and the IFP. When the IFP is at the position of 400 pixels in the image, the microscope system has completed focusing. The radius of the optical spot will be smallest when δ is at the minimum value of 20, as shown in Figure.7 (b) . In Figure. 7 (a), the region of linearity is from −30µm to +30µm, which means that if we had detected the IFP value, the distance from the in-focus position could be estimated immediately.
B. ANALYSIS OF EXPERIMENTAL RESULTS
The auto-focus experiment is divided into two parts: one is above the focal plane (TFP), and the other is below the focal plane. The experiment was repeatedly executed 16 times with raw data. Table 2 shows the experimental results. Table 2 shows that there is no statistical difference between the estimated value of the focus position by the IFP and the actual value, regardless of the initial position. 
MSD =
In this definition,m a and m p are the estimated value and actual value of the focus positions, and N is the number of experiments. Experimental results show that for the case of a 50× microscope objective, the focus MSD is 0.015, focusing time is less than 0.3s and the values are linear over a range from −30µm to +30µm, as is shown in Table 3 .
The TFT-LCD sample plate images defocused and focused are shown in Figure.8 (a) and Figure.8 (b) .
VI. CONCLUSION
In our laboratory, we have developed a laser triangulation auto-focus system for use in microscopy, and this method has been used for circuit board defect detection in industry. An elegant analytical formulation of the focus error signal (FES) was established based on geometric optics and could be used to design different magnification objectives of the microscope. We propose a new method including a laser, CCD sensor and spectroscope in the microscope visible light path based on the principle of laser triangulation. The new auto-focus approach uses a combination of lenses and laser triangulation for probing the precise focus value and focus direction in an industrial auto-focus system. For accurate analysis of the relationship between the spot information system and the defocus value, Gaussian curve fitting is introduced to the extraction algorithm.
The experimental results show that a 50× objective lens has a focusing accuracy of 0.2µm and better linearity than traditional method at the focal plane of ±30µm with the parameters of NA = 0.55 and f1 = 4mm. The algorithm proposed in this paper is consistent with the theoretical prediction. Compared with the traditional method of active focusing, this method can not only control the focus value and direction accurately but can also calculate a defocus value and spot radius by Gaussian curve fitting with excellent linearity. The system can find the in-focus position quickly without the continuous searching required by other search algorithms. In this research, the auto-focus system can find the focus position within a few seconds.
According to the experimental results, it can be concluded that the image focus position is estimated rapidly and accurately by the system, which means the method could be applied to LCD-TFT, FPD inspection, PCB inspection, and biomedical automatic machine assembly, etc. The inspection method for the defocus value and direction is also applicable for laser direct writing, confocal scanning and so on.
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